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In order  to preserve  the  in  vivo metabolite  levels  of cells,  a  quenching  protocol  must  be quickly  executed
to  avoid  degradation  of labile  metabolites  either  chemically  or  biologically.  In  the case  of mammalian
cell  cultures  cultivated  in  complex  media,  a wash  step  previous  to  quenching  is  necessary  to  avoid  con-
tamination  of  the  cell pellet  with extracellular  metabolites,  which  could  distort  the  real  intracellular
concentration  of  metabolites.  This is  typically  achieved  either  by one  or multiple  centrifugation/wash
steps which  delay  the  time  until  quenching  (even  harsh  centrifugation  requires  several  minutes  for
processing  until  the  cells  are  quenched)  or ﬁltration.
In  this  article,  we describe  and  evaluate  a two-step  optimized  protocol  based  on  fast  ﬁltration  by use  of  a
vacuum pump  for quenching  and  subsequent  extraction  of intracellular  metabolites  from  CHO  (Chinese
hamster  ovary)  suspension  cells,  which  uses  commercially  available  components.  The  method  allows
transfer  of washed  cells  into  liquid  nitrogen  within  10–15  s  of sampling  and  recovers  the  entire  extrac-
tion  solution  volume.  It also  has the  advantage  to remove  residual  ﬁlter  ﬁlaments  in  the ﬁnal  sample,
thus  preventing  damage  to separation  columns  during  subsequent  MS analysis.  Relative  to other  meth-
ods  currently  used  in  the  literature,  the resulting  energy  charge  of intracellular  adenosine  nucleotides
was  increased  to  0.94  compared  to  0.90  with  cold  PBS  quenching  or 0.82  with  cold  methanol/AMBIC
quenching.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  licenseAbbreviations: ATP, adenosine-5′-triphosphate; ADP, adenosine-5′-
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cetylhexosamine.
∗ Corresponding author at: Department of Biotechnology, University of Natural
esources and Life Sciences, Muthgasse 18, 1190 Vienna,
ustria. Tel.: +43 1 47654 6232; fax: +43 1 47654 6675.
E-mail address: nicole.borth@boku.ac.at (N. Borth).
1 These authors contributed equally to this work.
ttp://dx.doi.org/10.1016/j.jbiotec.2014.04.014
168-1656/© 2014 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/3.0/).
1. Introduction
In recent years, different sophisticated protocols have been
developed for the quantiﬁcation of intracellular metabolites
(Bennett et al., 2008; Buchholz et al., 2001; Dietmair et al., 2010;
Neubauer et al., 2012; Pabst et al., 2010; Sellick et al., 2011)
due to the increasing interest in more rational metabolic engi-
neering and control tools for the optimization of cell lines and
processes (Dietmair et al., 2012a,b; Martínez et al., 2013; Murabito
et al., 2009; Schilling et al., 2000; Sheikh et al., 2005). The use
of reconstructed genome-scale models requires sufﬁcient and
reliable experimental data to predict the cellular needs of high-
producer cell lines (Chung et al., 2010; Licona-Cassani et al., 2012;
Selvarasu et al., 2012) and to assist with rational prediction of nec-
essary changes in media composition, feeding strategy and process
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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ontrol (D’Huys et al., 2012; Martínez et al., 2013; Selvarasu et al.,
009, 2012; Zamorano et al., 2012).
To ensure that the measured data are as close to the real in
ivo values as possible, an efﬁcient quenching protocol should: (i)
nsure a fast and complete blockage of any intracellular metabolic
eaction, as most intermediates have high conversion rates (Canelas
t al., 2008; de Koning and van Dam, 1992; Weibel et al., 1974), (ii)
void contamination of the sample with extracellular metabolites
resent in the supernatant, (iii) lose none of the intracellular sub-
tances through leaky membranes. It has proven very difﬁcult to
chieve all of these requirements to perfection, so that most proto-
ols try to keep a reasonable balance of preventing all three reasons
f metabolite loss or contamination.
Several authors (Pabst et al., 2010; Sellick et al., 2009) designed
uenching protocols in which the cell broth was directly quenched
sing cold solvent mixtures after sampling, as their lower freez-
ng points allow using them below −20 ◦C. Even though these
ethods were successfully implemented for yeast and bacteria
de Jonge et al., 2012; Gonzalez et al., 1997; Moritz et al., 2000)
heir direct application to mammalian cells provokes some con-
roversies due to higher leakage of intracellular metabolites, as
ammalian cells lack a cell wall. Sellick (Sellick et al., 2009)
nd later Sengupta (Sengupta et al., 2011) used different addi-
ives to the cold methanol quenching solvent showing an increase
n metabolite recovery. However, these results proved difﬁcult
o transfer between labs (Dietmair et al., 2010) and indeed, as
xpected, resulted in membrane damage and consequently uncon-
rolled leakage of intracellular metabolites.
A less aggressive quenching method uses direct dilution of the
ell broth with ice-cold PBS (Pabst et al., 2010), which prevents
eakage while at the same time diluting extracellular contaminants,
owever the ﬁnal mixture does not achieve temperatures below
◦C, which does not ensure quenching of all enzymatic reactions
nd it cannot be excluded that molecules from the supernatant
ontaminate the intracellular concentrations analyzed.
To avoid metabolite leakage, fast ﬁltration was proposed as a
ashing step prior to quenching with liquid N2 (Volmer et al.,
011a,b). Using an in-house made ﬁlter module, a determined
mount of cells were passed through a ﬁlter and rapidly washed
ith 0.9% (w/w) NaCl. The entire procedure took between 30
nd 60 s and allows obtaining cells free from any contaminating
etabolites present in the cultivation media. Quenching with liquid
2 has the advantage to rapidly freeze samples below −100 ◦C, thus
voiding further metabolic conversion (Buziol et al., 2002; Sellick
t al., 2011). However, the system so far required individually made
quipment and thus necessitated ﬁne tuning of the individual com-
onents to identify optimal conditions of handling and use, making
t difﬁcult to transfer to other labs.
Despite the fast quenching step, the subsequent extraction of
etabolites from cells captured on a ﬁlter is time consuming, as the
lters have to be cut to ﬁt into a tube, to be centrifuged together
ith the extraction solvent, and the ﬁnal liquid extract is sepa-
ated from the ﬁlter by decantation. The ﬁlter retains some ﬂuid
hich makes it difﬁcult to recover the entire volume added for the
xtraction. This can be partially resolved by using a suction system
oupled to a column (Volmer et al., 2011a,b).
It was reported, that several methods for the intracellular
etabolite extraction using solvents like hot methanol (Shryock
t al., 1986), cold methanol (de Jonge et al., 2012; Volmer
t al., 2011b), boiling ethanol (Gonzalez et al., 1997), chloro-
orm/methanol (de Koning and van Dam, 1992), acid (Ryll and
agner, 1991), alkali (Nissom et al., 2006) and hot water (Boltent al., 2007) were successful. Though, to attain the maximum recov-
ry of metabolites, cold methanol (Cao et al., 2011; Shin et al., 2010;
olmer et al., 2011a) and cold acetonitrile (Dietmair et al., 2010) are
ore preferred in mammalian cells.chnology 182–183 (2014) 97–103
All in all, the selection of a tailored protocol will depend on the
cell characteristics, the metabolites required for the study or analyt-
ical equipment availability. In this work, we developed a modiﬁed
protocol for fast ﬁltration, washing and quenching using readily
available parts. The entire procedure routinely takes less than 15 s
to transfer washed cells into liquid nitrogen. For subsequent extrac-
tion either immediately after quenching or after storage, different
cold solutions were compared and evaluated by LC–ESI-MS and
FIA-MS–MS analyses of nucleotides and amino acids. The method
is benchmarked against other quenching and extraction methods
described in the literature and found to preserve the energy charge
of AMP/ADP/ATP at the highest value (0.94 vs 0.90 and 0.82).
2. Materials and methods
2.1. Cell line and cultivation media
CHO-K1 suspension cell lines adapted to growth in glutamine
free media (Bort et al., 2010) were cultivated in 500 ml  spinner
ﬂasks using CD CHO media (Gibco, Invitrogen, Carlsbad, CA, USA)
under 7% CO2 and incubated at 37 ◦C with constant stirring at
50 rpm. Viability and cell counts were measured on a Vi-Cell ana-
lyzer (Beckman Coulter Inc., Fullerton, CA) based on the trypan-blue
dye exclusion method.
2.2. Filtration and quenching
For each sample, after humidiﬁcation of the ﬁlter membrane
(PALL A/D Glass Fibre, 47 mm,  New York, USA) with 10 ml  of 0.9%
(w/w) NaCl, a total of 107 cells harvested from a suspension cul-
ture were ﬁltered using a standard ﬁltration holder (Millipore, MA,
USA) and immediately washed with 30 ml  0.9% (w/w) NaCl solu-
tion under controlled vacuum at 10 mbar (Controller CVC 3000 with
W-B  6C, Vacuumbrand, Germany) to remove extracellular contami-
nating substances. The ﬁlter membrane with the captured cells was
transferred into a 20 ml  syringe barrel (20 ml BDTM Syringe with
Luer-LockTM connection, Becton Dickinson, NJ, USA) closed with a
cap (Fig. 1). At this step a standard solution could be added (see f.i.
Neubauer et al., 2012), before freezing of samples in liquid nitrogen,
followed either by storage at −80 ◦C or immediate extraction.
Cold PBS quenching (Pabst et al., 2010) and cold
methanol/AMBIC quenching (Sellick et al., 2009) were carried
out exactly as published and compared to fast ﬁltration by analysis
of nucleotides and sugar nucleotides.
2.3. Metabolites extraction
Following quenching in liquid N2, 8 ml  of 50% (v/v) cold
methanol were added into the syringe barrel. The plunger was
carefully reinserted into the syringe barrel after removing the Luer-
LockTM cap and slightly pushing on the plunger to remove the
excess air inside. The syringe barrel was relocked with a Luer-
LockTM cap and vortexed for 15 s. The cap was removed and a
0.45 m ﬁlter membrane unit (Millex HV-Durapore PVDF ﬁlter)
was attached to the syringe. The syringe plunger was  squeezed
to transfer the extraction solution into a fresh tube. The entire
extracted volume (8 ml  or as speciﬁed), was  dried with a Thermo
Savant SPD121P Speed Vac Concentrator equipment (Thermo
Fischer Scientiﬁc, MA,  USA) and stored at −80 ◦C for further quan-
tiﬁcation of metabolites.
2.4. LC–ESI-MS analysis for nucleotidesThe sample extraction and analysis of the nucleotides and
nucleotide sugars were performed as described in Pabst et al.
(2010) and Taschwer et al. (2012). The data were interpreted using
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ruker’s Data Analysis 4.0 software, using integration of selected
on chromatograms. All compounds were referred to the internal
3C10-ATP Standard (Sigma Aldrich, USA) for quantiﬁcation. To
llow correction for different ionization and detection efﬁciency of
he compounds, equimolar mixtures of representative nucleotides
ere generated and measured under the same conditions (data
ot shown). Adenosines and Guanosines standards were purchased
rom Larova, Germany, Uridines and Cytidines from Sigma Aldrich,
SA.
Energy charge was calculated as established by Atkinson (1968):
nergy charge = ATP + 0.5ADP
ATP + ADP + AMP
.5. Lactate dehydrogenase analysis
After cell broth ﬁltration with different vacuum pressures, the
oncentration of lactate dehydrogenase (LDH) in the ﬂow-through
ltrate was determined with an LDH Test Kit (Roche Diagnostics,
ermany) following manufacturer instructions, in order to quantify
ellular membrane damage of ﬁltered CHO cells.
.6. FIA-MS–MS Analysis
Biocrates’ commercially available KIT plates (Innsbruck, Austria)
ere used for the quantiﬁcation of amino acids, hexose (glu-
ose), and biogenic amines. The fully automated assay was  based
n PITC (phenylisothiocyanate)-derivatization in the presence of
nternal standards followed by FIA-MS/MS (acylcarnitines, lipids,
nd hexose) and LC/MS (amino acids, biogenic amines) using an
B SCIEX 4000 QTrapTM mass spectrometer (AB SCIEX, Darm-
tadt, Germany) with electrospray ionization. The experimental
etabolomics measurement technique is described in detail in the
IOCRATES AbsoluteIDQTM p180 KIT assay manual.
. Results and discussion
.1. Adaptation of protocol and optimization of vacuum for
inimal leakage of cells
Fast ﬁltration has been shown to be an efﬁcient method for the
eparation of mammalian cells from complex cultivation media
efore quenching (Volmer et al., 2011a). We  adapted the method
o use only commercially available components (Fig. 1) to enable
ts application in any standard lab environment. A vacuum pump is
sed at a deﬁned vacuum strength sufﬁcient to increase ﬁltration
peed, but not so high as to cause damage to the cell membrane,
hich would result in leakage of intracellular metabolites. There-
ore, a broad range of vacuum pressures (500, 80, 40, 20 and 10 mbar quenching and extraction.
below the ambient air pressure) was  tested and the ﬂow-through
of the wash-step analyzed for presence of lactate dehydrogenase
(LDH) (as an example of a large molecule released from cells upon
death, analyzed by an enzyme assay) and selected nucleotides and
nucleotide sugars using LC–ESI-MS (as examples for small molec-
ular weight metabolites with rapid turnover) (Fig. 2). As a control,
three samples were ﬁltered and washed without any vacuum at
ambient air pressure (samples labeled 0-mbar). In this case the
ﬁltration and washing step took over 50 s, while the procedure
took approximately 10 s when using 10 mbar of vacuum. As the
ﬁlter clogged when 5 × 107 cells were applied (Murabito et al.,
2009), which drastically increased the time between ﬁltration and
quenching, the applied number of cells used was 107 per ﬁlter for
all samples. Leakage of small metabolites, especially of ATP, started
to increase from 20 mbar, while larger test substances such as LDH
started to signiﬁcantly increase from 40 mbar onwards, similar to
values published by Volmer et al. (2011a). The differences can be
explained by the use of different equipment parts, however, with
the protocol here described all components are readily available
commercially, can be connected using standard lab equipment and
require no handicraft work.
3.2. Completeness of quenching of metabolite conversion
To assess the speed and completeness of blocking all metabolic
conversions in the cells, the energy charge (Ec) of cells quenched
by fast ﬁltration was compared to that of cells quenched by pre-
viously published methods, either with cold phosphate-buffered
saline (pH 7.4, 0.5 ◦C) or with cold 60% methanol containing 0.85%
(w/v) ammonium bicarbonate (AMBIC) (pH 7.4; −20 ◦C). For all
approaches cells were isolated from the same shaker ﬂask and
each quenching procedure was  performed twice by two indepen-
dent operators (total n = 4). Depending on the nutrient state of the
cells, the Ec of viable cells is expected to lie between 0.7 and 0.95
(Andersen and von Meyenburg, 1977; Atkinson, 1968; Bontemps
et al., 1993; Cook et al., 1977; Sellick et al., 2011). Assuming that
all samples coming from the same culture have an identical Ec,
differences between quenching methods would be due to incom-
plete quenching and ongoing consumption of ATP by intracellular
enzymes, resulting in reduced ATP and increased ADP or AMP  con-
centrations and thus a reduced Ec (Fig. 3). The maintenance of
metabolites with high conversion rates was  best in the fast ﬁl-
tration/liquid nitrogen quenching protocol. The absolute recovery
of sugar nucleotides (which have a lower conversion rate than
nucleotide bi- and triphosphates) by the different methods was
on average 100 for the fast ﬁltration protocol, 150 for cold PBS
and 20 for the methanol/AMBIC protocol (relative values, data not
shown), indicating that with the methanol/AMBIC protocol signif-
icant loss of intracellular metabolites occurs due to leakage caused
by membrane solubilisation by the methanol. The higher values for
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0  mbar was  chosen for all subsequent experiments.
he cold PBS protocol are more difﬁcult to explain, as they could be
aused either by a low level of leakage occurring in the fast ﬁltration
rotocol, or by incomplete removal of contaminating molecules
erived from dead cells from the culture supernatant in the cold
BS method.
.3. Optimization of metabolite extraction
In addition to the quenching method, the extraction of the
etabolites and the subsequent sample treatment play an impor-
ant role for the determination of metabolite concentrations. To
rovide an optimal extraction method, different volumes (4, 6,
 ml)  and ratios of the extraction solvent (methanol/ddH2O; 100/0,
0/20, 50/50, 0/100) were analyzed by FIA-MS–MS. In general, the
xtraction protocols consist of disruption of cells by addition of the
xtraction solvent, dissolution of all cellular molecules and drying
f the extract to obtain higher concentrations and better stora-
ility. Obviously, the drying requires harsh conditions that might
ffect the stability and recovery of metabolites. To analyze these
ig. 3. Comparison of efﬁciency of quenching. After quenching, all samples were extracte
ach  protocol is shown as well as the calculated energy charge.olecular weight substances and an intracellular protein (LDH) were analyzed in the
 of released small molecules start to increase at 20 mbar vacuum pressure, so that
effects, samples of different volume (1000, 500 and 250 l) were
dried in a Speed Vac and re-dissolved in 250 l of the corresponding
extraction solvent. These results were compared to samples which
were directly frozen without Speed Vac treatment. This also yielded
results on the effect of concentrating the metabolite amounts (con-
centration factor due to re-suspension: 4×, 2×, 1×).
Representative results on amino acid analyses are shown on the
example of arginine and tryptophan (Fig. 4). The extraction vol-
ume  used in the syringe had the least effect on the results, while
the volume used for drying had a signiﬁcant effect on most amino
acids, especially on methionine, which was only detectable when
analyzed directly and completely disappeared in the dried extracts.
The larger the volume subjected to drying, the lower the observed
concentration per cell. Aspartate, isoleucine, proline, phenylala-
nine and lysine were the least sensitive to this effect, showing only
insigniﬁcant differences between the dried and directly analyzed
samples. Arginine showed modest effects, while tryptophan had
signiﬁcant loss during drying (Fig. 4). Results were the most con-
sistent with 100% methanol as extraction solvent, while all other
d and analyzed for nucleotides (n = 4). The relative distribution of AMP/ADP/ATP for
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Fig. 4. Effects of extraction volume, drying and extraction solvents on intracellular arginine and tryptophan concentration: 107 cells were extracted using 8 ml (left bar within
each  group), 6 ml  (middle bar) or 4 ml  (right bar) of extraction solvent as speciﬁed in the graph. After extraction with the respective total volume, different amounts of extract
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tere  dried and reconstituted in 250 l of the respective solvent. Volumes dried we
irectly analyzed without drying (D). Intracellular amino acid amounts are given as
olvents showed higher variability between different handling pro-
edures and also between replicates. This might be due to less
fﬁcient cell disruption and solution of metabolites. However, the
ffect of drying was also the most pronounced with 100% MeOH.
sing distilled water for cell disruption worked very well when
arger extraction volumes were used (8 ml  or 6 ml), however, with
 ml  the recovered concentration of extracts was  lower, most likely
ue to incomplete cell disruption in the lower volume. Detailed
esults for all amino acids are available as Supplement 1. Addi-
ional metabolites analyzed included biogenic amines and hexoses
Suppl. 1). Hexose gave similar results to the amino acids, with
he most reliable extraction achieved by 100% methanol, while
or the biogenic amines more differential results were observed:
utrescine, creatinine and sarcosine behave similar to the amino
cids, while acetylornithine, methionine-sulfoxide and to a lesser
egree taurine were only well extracted in the methanol contain-
ng extraction solutions, with hardly any extraction possible when
sing water. Finally for spermidine the situation was reversed, with
ood extraction only possible with water and not at all with any
f the methanol containing extractants. These results demonstrate
he necessity to use multiple extraction solutions depending on0 l (A), 500 l (B) and 250 l (C). Finally an aliquot of the extraction solution was
er 107 cells.
the desired metabolites if a complete analysis of the metabolome
of cells is required.
4. Conclusion
This work corroborates fast ﬁltration as a tailored approach to
be used before quenching and extraction of cells cultivated in com-
plex media. Depending on ﬁltration equipment and cell type, the
choice of an appropriate vacuum pressure is necessary in order to
reduce leakage of metabolites. Using commercially available plas-
tic syringes which have a smooth inner surface, the ﬁlter can be
quickly transferred into liquid nitrogen, without the need to cut it,
which will lead to loss of time and potentially metabolites. Typical
transfer times of washed cells into liquid nitrogen were below 15 s,
with approximately 30 s handling time for ﬁlter change until the
next replicate can be processed.Also, the recovery of metabolites during extraction is easier and
faster using the syringe. Traces or particles of the ﬁlter or cells can be
removed by coupling a 0.45 m ﬁlter membrane unit, thus increas-
ing the life span of analytical columns. The entire protocol allows
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he operator to extract metabolites in less than 2 min, thus enabling
he handling of a large number of samples for bioprocess analyses.
Regarding further processing, speedvac treatment has shown a
trong effect on the stability of several metabolites analyzed com-
ared to samples which were directly frozen after extraction. The
eason for this negative effect is likely to be the warm tempera-
ures during the speedvac treatment and the time which is needed
or this process. That effect was most prominent in amino acids
fter extraction with any methanol-solvent. In summary, the best
esults on the determination of metabolite concentrations in CHO
ells were obtained when 4 ml  of 100% methanol were used for
xtraction and aliquots of each sample were directly analyzed. Nev-
rtheless, for other methods, speedvac treatment is required to
emove solvents for protection of columns. In this case the use of an
nternal standard that contains the same metabolites as expected
n the sample (Neubauer et al., 2012) is required. In addition, other
lasses of analytes may  require different extraction solutions. Here
gain the speed of this method would be of advantage, as both the
ampling procedure onto the ﬁlters as well as the extraction proce-
ure are easy and fast to enable generation of several sample loaded
lters and subsequent extraction with multiple extract solutions.
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